This mechanical feedback feature provides the system with a stabilizing self-regulation (2).
The dependence of cardiac output upon venous filling pressure and arterial load pressure has been studied in both the isolated heart (3) and in the heart in situ (I, 4-6) . Recently the dependence of circuit pressures upon cardiac output has been studied in isolated circuit preparations obtained by cardiac bypass (7) (8) (9) (10) .
In the present study, a recent theoretical analysis (2) has served to guide a more complete experimental investigation of the right heart bypass preparation, and the experimental results in turn have served as a partial test for the usefulness of the theory.
Mongrel dogs (9.4-13.6 kg) were anesthetized with morphine sulfate (3 mg/kg subcutaneously) followed in 30 minutes by sodium barbital (300 mg/kg intravenously).
A sigmamotor pump (fitted with gum latex tubing, yg in. i.d. and $4 in. wall) was used to transfer blood from the vena cavae to the pulmonary artery. After trying many variations, the following technique was adopted as the simplest and most successful.
The Bypass System
The chest was opened through a sternum-splitting incision and artificial respiration with IOO % 02 was provided by a Starling Ideal pump via a tracheal cannula.
The pericardium was slit to expose the right ventricle, pulmonary conus and both atria1 appendages. The main pulmonary artery was dissected free and a loose ligature placed around it. A purse-string suture outlining a circle approximately I 5 mm in diameter was placed in the right ventricular myocardium just proximal to the conus. After heparinizing the animal, a large bore polyethylene tube (10-14 mm i.d.) pressures appear in figure 3 , and for the pulmonary arteriovenous pressure difference (APP = PAP -Pr,A) in figure 4 .
Examining the data for individual animals, it would appear that each behaves somewhat uniquely. Thus, pressure-flow curves for some animals are linear, others appear to be concave to the flow axis, and some seem to best fit a curve with one or more inflection points. Variability of this sort has been observed by others, and will be considered in more detail later. For present purposes, however, we would like to be able to represent all of these data by a single curve form which is analytically simple and yet describes the observed behavior to a satisfactory degree of approximation.
Fortunately by recognizing two major subdivisions of the intact cardiovascular regulator : a) a controlling system which includes the medullary cardiac and vasomotor centers as well as those endocrine glands which operate upon the heart and blood vessels, and 6) a controlled system (or process) comprising the mechanical and exchanger elements of the cardiovascular system. In general, one or more outputs of the controlled system (the controlled quantities, such as pressures, blood gas concentrations, etc.) will feed back to provide input to the controlling system, and the output of the latter (neural or humoral signals) will influence one or more properties of the controlled system (compensating or manipulated quantities, such as cardiac frequency, myocardial 'strength,' peripheral resistance, etc.) thereby producing appropriate changes in the controlled quantities. An essential first step in the analysis of this complex system is to isolate its component parts, identify the inputs and outputs of each, and formulate the laws which relate them. The theory of mechanical self-regulation is concerned with such an analysis of the isolated mechanical section of the controlled system. Isolated mechanical system. This comprises the intact mechanical section of the cardiovascular regulator (i.e. hearts and circuits) isolated from all neurohumoral controlling operations. The active elements (i.e. energy sources) of this network are provided by the right and left hearts, and the passive elements (i.e. energy storages or sinks) by the compliance and resistance components of the pulmonary and systemic circuits. It is most convenient and fruitful to analyze this network on the 'node' basis (I 2), i.e. to treat the hearts as flow sources and to regard arterial and venous pressures as the dependent variables (or outputs) of the circuits.
The isolated heart or heart-lung preparation provides the prototype for defining the dependence of ventricular filling and emptying upon venous filling pressure and arterial load pressure. The isolated circuit preparation (heart bypass, uide infra) provides the prototype for defining the dependence of circuit pressures upon pump flows. When heart and circuit components are combined to form the isolated mechanical system, the flow outputs of the hearts provide input to the circuits, and the pressure outputs of the circuits feed back to provide input to the hearts. This arrangement is illustrated in the block diagram of figure 5. Here we see that the arterial (PAP) and venous ( PVp) pressure outputs of the pulmonary circuit feed back to provide the load pressure input to the right heart and the filling pressure input to the left. In analogous fashion, the arterial (PAS) and venous (P& pressure outputs of the systemic circuit feed back to provide the load pressure input to the left heart and the filling pressure input to the right. Since the right heart is connected in series between the systemic and pulmonary circuits, it must provide a flow signal to both.
Since transient inequalities between these two flow signals may occur (i.e. the right heart itself provides a compliance), we distinguish between them in the diagram (QR and QIR). In analogous fashion, the left heart provides one flow signal, QL, to the systemic circuit and another, Q'L, to the pulmonary circuit. The pressure dependence of the heart flows and the flow dependence of the circuit pressures provide the system with a 'self-regulation' by virtue of which both heart flows and circuit pressures will 'line out' (13) at predictable steady-state levels for any given set of values for a group of heart and circuit parameters. In this steady state, QR = QIR = QL = Q'$, = Q and we speak of the single cardiac output, Q. system shown in figure 6. Since our pumps now have the property that QR(t)
we need only refer to QL and G in our diagram. We note also that with such positive displacement pumps, the pressures produced in the circuits at any given pump flow depend only upon the circuit characteristics and not upon the pump (except that the maximum discharge pressure and the minimum inlet pressure are limited by the structural strength of the pump and the power of its driving motor; ref. 14). Thus at any given pump flow rate, arterial and venous pressures may be high or low depending only upon the circuit parameters. These are exactly the conditions required to define the dependence of circuit pressures upon pump flow and circuit properties.
If we now require that QR(t) = Qr,(t) = Q(t), i.e. that QR = QL at every instant, the pulmonary and systemic circuits will each behave as if the other were not there. Thus each circuit will maintain a constant blood volume and act as if it were driven by a single pump which transferred blood at an arbitrary rate, Q, directly from its vein to its artery. Let us define such a system as an 'isolated double circuit.' Theoretical equations have been derived elsewhere (2) 
where KL is a 'constant' equal to k/(klPAS + kJ. Since dB,/dQ = -dB,/dQ, we can write: That pressure-flow curves for the That pressure-flow curves for the same isolated vascular bed may vary even more widely same isolated vascular bed may vary even more widely than this between animals has been observed by others than this between animals has been observed by others (I o, I 5-2 I). This is true both of single beds-hind leg (I o, I 5-2 I). This is true both of single beds-hind leg (I 5, I 6), kidney (I 7, I 8), lung (I g, ao)-as well as of (I 5, I 6), kidney (I 7, I When we do this, we admittedly neglect When we do this, we admittedly neglect some of the details of individual variation which may some of the details of individual variation which may be of major significance in other contexts (I o, I 5-2 I). be of major significance in other contexts (I o, I 5-2 I). We should point out, We should point out, however, that so long as the however, that so long as the arterial and venous pressure-flow curves are approxiarterial and venous pressure-flow curves are approximately linear within the range of the data, the ratio mately linear within the range of the data, the ratio of their slopes within this range will still define the of their slopes within this range will still define the Turning now to quantitative considerations, we note first that the systemic slope ratio, (P,,/dQ)/(dP,,/dQ), is only 5.2, a much lower value than has been estimated for the compliance ratio, Cvs/CAs, by other methods both in vitro (I I) and in viuo (22) .
This underestimate is to be expected for reasons noted above. For the same reasons, the observed slope ratio of 7.3 for the pulmonary circuit should overestimate the pulmonary compliance ratio, cvp/cAp.
Let us now attempt to determine a set of values for our system constants using our own data together with information from the literature. Unfortunately, we cannot determine a unique set. We can, however, define an infinite family of compatible sets, and then attempt to choose a representative one which conforms with relevant independent estimates reported in the literature. We begin by setting the theoretical slope constants of equations r7 and 16 equal to the observed slopes of equations I and z: Next we note that the theoretical slope constants of equations 13 and 14 can be put in the forms ( --APRP + @/ (CAP + c,,) and ( CVpRp -I-b)/( cAp -I-CVp), respectively. Setting these equal to the observed slopes (eq. 5 and 4) and proceeding as before, we get an analogous equation for the pulmonary circuit: Now turning to the literature, we narrow our range of choice by requiring : ;) that the volume of blood transferred from pulmonary to systemic circuit in going from normal (I 500 cc/min.) to zero flow conform to the value estimated by Lindsey et al. (23) to occur in 'acute right heart failure' in the dog, for this in effect is what we produce when we reduce the output of our mechanical pump (uide infra). The estimate by Lindsey et al. for a I 2-kg dog was 64 =t 12 cc, and this determines our choice for b; 2) that C AS and the ratio Cvs/CAs conform to the independent estimates by Guyton et al. (22) in the dog. These were 0.2-0.8 cc/mm Hg for CAS and [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] for Cvs/CAs; 3 ) that the total pulmonary compliance (CA, + Cvp) conform to the estimate of Sarnoff and Berglund (24 ) for the systemic (797 cc) and pulmonary (I 24 cc) blood volumes for our average 12-kg dog. It is most reasonable to assume that these figures would apply at the normal (i.e. the maximum) flow rate of I500 cc/min. in our experiments. At zero flow we would therefore have: ably useful in accounting for certain features of the observed behavior of the right heart bypass preparation. This success is due in part to a restricted operating range within which the assumption of linear system parameters is not seriously violated.
In addition, our analysis has deliberately neglected some of the unique details of individual animal behavior in order to obtain a simple but still useful theoretical description of selfregulation in the average animal. The large apparent unstressed volume of the systemic circuit is somewhat disturbing but perhaps can be reasonably attributed to stress relaxation.
The relatively low systemicipulmonary compliance ratio (I .OI ) would not be expected to hold at higher pressures since pulmonary compliance is sharply reduced in this range (24) .
In all of our discussion we have assumed that our system parameters remained constant throughout the experiment.
We need to inquire into the validity of this assumption, for the neurohumoral controlling system was not disturbed in these animals. Thus we might expect that as PAS fell, carotid sinus reflexes would bring about alterations in both left heart and circuit parameters.
We cite two reasons for believing that such reflex effects were not important in these experiments: I) increases in heart rate with falling systemic arterial pressure were observed in only two of the eight dogs; 2) if Rs increased reflexly as PAS fell, one would expect the observed slope, dAP,/dQ, to be low and an intercept on the APs axis should be introduced or exaggerated. The facts that the observed slope is not low in comparison to other estimates obtained in areflex animals (10, 21, 25) We previously mentioned that when we reduce the B$ = I 24 -r5oob = 49 CC output of our mechanical pump in the right heart bypass preparation, we in effect are simulating right heart failure in the intact mechanical system. It is worthwhile to examine this concept more closely because it permits us to define a parametric forcing which, if operating in the complete mechanical system of figure 5, would reproduce the observed responses of the right heart bypass system. To do so, we change the symbols of equation I I to apply to the right ventricle, assuming for simplicity that Pvso = o: curve is nearly linear within our operating range, the curve for the 'weakest' heart is quite curvilinear. The point, N, represents the normal operating point of the isolated mechanical system. Curve B represents the P vs vs. Q function which would have been observed if we had converted the isolated mechanical system to an isolated double circuit at point nlr and then arbitrarily reduced Q. Curve A represents the Pvs vs. Q function which we actually did observe by converting to a right heart bypass system at point N and then arbitrarily reducing G. The difference between A and B is a consequence of the blood volume shift already described. Finally we note that curue A would also have been generated by an isolated mechanical system in which SR was reduced from its normal value at Q = 1500 cc/min.
to >io normal at Q = 1200, $& normal at Q = 620, etc.
Other Bypass Studies Guyton used a right heart bypass preparation in his studies on venous return (I, 7, 26) and recorded one of the functions reported here. His equation for that function is identical in principle (although not in detai16) with our equation 6 solved for Q, and his observed venous return curve, with dependent and independent variables interchanged, is similar to our systemic venous pressureflow curve within comparable pressure ranges. Guyton has made a valuable contribution in explicitly pointing out the simultaneous dependence of cardiac output and right atria1 pressure upon heart and circuit parameters, and in providing a graphic method for determining the steady-state operating point of the system (I, 7). Perhaps this mutual dependence seemed so obvious to earlier investigators that they did not bother to formulate it explicitly or to explore its implications. Yet it is just this point which appears to be at the root of much 6 Guyton divides Cvs into two components separated by a second resistance and places a third resistance at the pump entrance.
The latter is included as a component of the heart in our theoretical treatment (2). This is an essential step in any attempt to understand the operation of neural and humoral controlling signals upon the mechanical cardiovascular system.
The pressure responses of a left heart bypass preparation were studied by Freis et al. (8) . Theoretically, one would expect systemic arterial and venous pressures to rise with pump output while pulmonary venous (or left atrial) pressure should fall. Pulmonary arterial pressure should rise if CVPRP > ( (CA8 + Cvs)/KE) + CASRS, but fall if this inequality were reversed. If we assume that KR = K, and substitute our previously determined parameter values, we get 0.038 for Cv,R, and 0.035 for ((CA, + C,,>/K,) + CAsRs. From this we conclude that P,, should rise, but that relatively small changes in system constants would reverse this behavior. Freis observed that systemic arterial, systemic venous, and pulmonary arterial pressures all increased with pump output, but unfortunately, left atria1 pressure was not measured.
Interpretation was further complicated by the inclusion of a blood reservoir in the perfusion circuit which permitted the animal's total blood volume to vary as a function of pump output. Read et al. (9, IO) studied the responses of systemic arterial pressure and arteriovenous pressure difference in a total heart-lung bypass preparation. The APs vs. Q functions which they observed in different intact preparations were at least as variable as our own. Some of their curves were essentially linear, others convex to the pressure axis and still others appeared to be sigmoid so that in some ranges of flow, systemic resistance increased with increasing transmural pressure. Factors responsible for such variation were discussed by them and by others previously mentioned.
